The psbA gene of the chloroplast genome has a codon usage that is unusual for plant chloroplast genes. In the present study the evolutionary status of this codon usage is tested by reconstructing putative ancestral psbA sequences to determine the pattern of change in codon bias during angiosperm divergence. It is shown that the codon biases of the ancestral genes are much stronger than all extant f lowering plant psbA genes. This is related to previous work that demonstrated a significant increase in synonymous substitution in psbA relative to other chloroplast genes. It is suggested, based on the two lines of evidence, that the codon bias of this gene currently is not being maintained by selection. Rather, the atypical codon bias simply may be a remnant of an ancestral codon bias that now is being degraded by the mutation bias of the chloroplast genome, in other words, that the psbA gene is not at equilibrium. A model for the evolution of selective pressure on the codon usage of plant chloroplast genes is discussed.
The nonuniform use of synonymous codons, or codon bias, that is observed in essentially all coding sequences is determined by an interaction of two main forces, composition bias and selection (1) . To some degree the nucleotide bias observed in degenerate positions of coding sequences is the product of an overall genome compositional bias (2) and not a function of selection on coding sequences specifically. In some genomes, this composition bias is complemented by natural selection that acts to increase the frequency of specific codons (3), frequently resulting in a nucleotide bias at degenerate coding positions that is markedly different than the bias in noncoding sequences. Studies on codon bias have, for the most part, focused on determining the relative importance of these two factors in different organisms (1) .
Because selective differences between codons are quite small (4), selection appears to be a factor only in those organisms, such as bacteria, which have a fairly large effective population size (5) . The best example of an organism for which good evidence of selection exists is Escherichia coli, which provides a basic model for how selection affects codon bias. The relative frequency of synonymous codons in E. coli corresponds to the relative abundancies of the isoacceptor tRNAs in the cell, suggesting that selection has adapted codon usage to the tRNA population to increase the translation efficiency (3) . This is supported by the observation that the degree of codon bias in different genes is correlated with expression level, such that highly expressed genes tend to have a much stronger bias in codon usage (5) . Evidence supporting selection also comes from analyses of substitution rate, which show an inverse correlation between codon bias and synonymous substitution rate, suggesting that highly expressed genes in E. coli have stronger constraints on their codon usage (5, 6) .
In our work we have been studying the codon bias of plant chloroplast genes. The chloroplast genome of plants contains approximately 100 genes, most of which code for proteins involved in either protein synthesis, including 31 tRNA genes, or photosynthesis (7) . In terms of nucleotide composition, the genome has a high AϩT content both in noncoding sequences and in degenerate positions of coding sequences (8) , suggesting that codon bias is primarily a function of composition bias. The single exception is psbA, which codes for the core protein of photosystem II and has a noticeably different codon bias. This difference is most obvious in, but not limited to, the 2-fold degenerate groups with a pyrimidine at the third position (referred to here as NNY). At the third codon position of these groups, the psbA gene has a bias toward C unlike all other genes, which are strongly biased toward T (8) . What makes this interesting is that only a single tRNA is available in the chloroplast to translate each of these synonymous groups. In each case this tRNA is complementary to the codon with a C at the third position, indicating that the psbA codon usage may be adapted to the chloroplast tRNA population (8) . In fact, a close look at the unusual codon bias of the plant psbA gene shows that each synonymous group has a bias toward that codon that has an intermediate interaction strength with the available tRNA (9) . Because the psbA gene has the highest level of translation among chloroplast genes (10) , it has been proposed that the atypical codon usage of this gene is an adaptation to enhance translation efficiency (8, 9) .
It also has been observed that the psbA gene has the lowest rate of synonymous substitution of all plant chloroplast genes, which supports the notion that selection is acting on the codon usage of psbA (11) . However, this simple model has not held up under subsequent analysis. When synonymous substitution rate was measured separately for different synonymous groups, the results were exactly opposite what was expected if selection is constraining the unusual codon bias of the psbA gene. Those groups in which the codon usage of psbA is most atypical actually have a significantly increased rate of substitution in this gene relative to all other chloroplast genes (12) . This observation is inconsistent with a model of constraining selection and has raised new questions concerning the role of selection in relation to the unusual codon usage of psbA.
In an attempt to explain both the unusual codon bias and the unexpected pattern of synonymous substitution rate in the psbA gene, two hypotheses have been put forward (12) . The first hypothesis posits that the plant psbA gene is actually under positive selection, which currently is adapting the codon usage toward an even more strongly atypical pattern to increase
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translation efficiency. The increased rate of substitution in certain synonymous groups then would be analogous to increased rates of amino acid replacement under positive selection (13) . The alternative hypothesis proposed is that the psbA gene was historically under constraining selection but that this selection recently has been relaxed. What is common to the two models is that both are based on the premise that the plant psbA gene is not currently at equilibrium. Rather, the difference in codon bias between psbA and the other chloroplast genes is either a reflection of an ongoing process of directional selection or simply a remnant of an ancestral codon bias that is degrading (12) .
In the current work we have tested these two models based on the fact that they generate two different predictions concerning the evolution of codon bias at the psbA locus during the divergence of the flowering plants. If positive selection has been acting, the psbA gene will have been evolving toward a more atypical codon bias pattern. In contrast, under the second hypothesis, in which selection recently was relaxed, the codon bias of the psbA gene has been evolving toward the equilibrium composition bias, becoming more similar to the other chloroplast genes over time.
The sequence of the ancestral flowering plant psbA gene was reconstructed, and the codon bias of the putative ancestral and extant psbA genes was compared using the codon adaptation index (CAI) of reference (6) . As a measure of codon bias, CAI shows the degree of adaptation to a specific pattern of codon usage, and in this case we measured it relative to the atypical codon bias pattern. Therefore, the relative CAI values of different genes will indicate the degree to which they are adapted to the pattern of codon usage observed in the psbA gene. Under the first hypothesis, the expectation is that the CAI value of the ancestral sequence would be lower than the CAI value of all angiosperm psbA genes, indicating that adaptation has been increasing over time. Alternatively, under the second model, the CAI value of the ancestral psbA gene is expected to be greater than the CAI value of all angiosperm psbA genes. The results are shown to strongly support the second model. Taken together with the previous rate results (12) the present study is consistent with the proposal that the atypical codon bias of the psbA gene is a remnant of an ancestral codon bias that is not currently being constrained by selection. This possibility raises interesting questions concerning the evolution and study of codon bias.
MATERIALS AND METHODS
All available psbA sequences from flowering plants were extracted from GenBank as listed in Table 1 . Because the only monocot sequences available were from members of the grass family, DNA was extracted from Phoenix dactylifera, Acorus gramineus, and Ludisia discolor following the method of Doyle and Doyle (14) . The psbA gene was amplified from these species using two sets of primers. The first amplification used primers 1F (GCTAGGTCTAGAGGGAAGTTGTGAG) and 980R (CGTTCGTGCATTACTTCCATAC), and the second used primers 2F (GGGGTCGCTTCTGCAACTG) and 1000R (GCTAGGTCTAGAGGGAAGTTGTGAG). Both amplifications involved 40 cycles of 95°C for 1 min, 42°C for 1 min, and 72°C for 1 min. The PCR products were sequenced directly after a previously described procedure (15) using internal primers designed directly from the sequences obtained.
The character trace function of McClade 3.0 (16) was used to reconstruct the ancestral sequence. Because of the uncertainty about the relationships between the families of plants represented, three different topologies ( Fig. 1 ) were used to generate three putative ancestral sequences (Anc1, Anc2, and Anc3). The first topology is based on a published classification (17), the second is the topology generated by parsimony analysis using PAUP (18) with equal character weighting, and the third is the topology generated using neighbor joining (19) with Kimura 2-parameter distances and a Ts͞Tv of 2:1 by the PHYLIP package (20) . In all three, Pinus and Marchantia polymorpha were used as outgroups (Fig. 1) . The ancestral sequence was taken as the sequence inferred at the point of divergence of the monot and dicot sequences. The 20 sites that were ambiguous (1.9% of the sequence) were excluded from the analysis.
For each gene the CAI was calculated by the formula from ref. 6 . To calculate CAI, each codon is assigned a fitness, which is calculated from a reference codon usage pattern. The relative frequencies of synonymous codons are taken as the fitness values so that the highly represented codon in a synonymous group is assigned a fitness of 1 and all other fitness values range from 0 to 1. As a result, a CAI that is calculated based on these fitness values is a measure of the tendency to use high fitness codons, that is, a measure of adaptation to the codon usage pattern used as the reference. For every gene in this analysis, CAI was calculated relative to several different reference psbA genes-the three reconstructed ancestral genes, the tobacco and rice psbA genes, the psbA gene from M. polymorpha, and the psbA gene from the alga Chlamydomonas reinhardtii. The C. reinhardtii gene has a very strong codon bias with a pattern identical to the plant psbA gene (8, 9). Therefore, CAI values represent adaptation to the codon usage pattern that appears to arise from selection.
RESULTS AND DISCUSSION
The Change in Codon Bias of psbA During Flowering Plant Divergence. The two hypotheses concerning the evolution of codon bias at the psbA locus (12) lead to opposing predictions about the pattern of change in the codon bias during angiosperm divergence. In this study we attempted to eliminate one of the two by comparing the CAI values of reconstructed ancestral sequences to the CAI of existing genes to determine the pattern of change over time. Three possible ancestral flowering plant psbA genes (Anc1, Anc2, and Anc3) were reconstructed, one for each of the topologies in Fig. 1 , and the CAI values based on several reference genes (Table 2) indicate a definite evolutionary trend. Regardless of which gene with an Despite this exception, a comparison of CAI values shows that the putative ancestral psbA genes all have a codon bias that is more strongly adapted to the atypical codon bias than do the extant psbA genes. The same general trend also is observed if we compare the composition of third codon positions directly. Two main sets of synonymous codon groups result in which psbA is most noticeably unusual in its codon bias, the NNY 2-fold degenerate groups and the 4-fold degenerate groups (9) . For both of these sets, the general pattern of evolution is away from the bias observed in psbA (Table 3) . For the NNY 2-fold degenerate synonymous groups, in which psbA is biased toward C at the third codon position, the direction of evolution is predominantly, although not exclusively, toward a lower C content over angiosperm divergence. Similarly, in the 4-fold degenerate synonymous groups, psbA has an unusually high T content at the third codon position, and extant genes have a lower T content than the putative ancestral sequences. Therefore, the evolutionary trend indicated by CAI is consistent with the trend observed at the nucleotide level. Overall, the results provide strong evidence that the psbA gene is evolving predominantly away from the atypical codon pattern.
Selection and the Codon Usage of psbA. Although the plant psbA gene has a codon bias pattern that is different than all other plant chloroplast genes, recent work has raised questions concerning the role of selection in generating this atypical pattern. On the one hand, it seems clear that selection must play some role (9, 12) . At the third position of specific codon groups, a much higher frequency of C is observed in psbA (over 60% in the case of tobacco, see Table 3 ) than in either noncoding DNA (16% in the tobacco genome) or the same synonymous groups of any other gene (8) . On its own, the unique base frequency is indicative of selection, but the match of psbA codon bias to the tRNA population (9) as well as the FIG. 1. The three topologies used to generate the different potential ancestral genes. The source of each topology is given in the text. For topology 2, generated by maximum parsimony analysis, the number of substitutions is given for each branch with 10 or more inferred substitutions. For topology 3, generated by neighbor joining, branch lengths are given for branches with 0.010 substitutions per site or more. Neither topology is drawn to scale. The labels 1, 2, and 3 indicate the topologies used to generate genes Anc1, Anc2, and Anc3, respectively. very high translation level of the gene due to rapid turnover (10) make it a very strong case. In spite of these observations concerning composition, the role of selection is drawn into question by the evolutionary dynamics of psbA. First, the NNY codon groups for which psbA has an atypical codon usage also have significantly increased rates of synonymous substitution relative to both the same synonymous groups in other genes as well as other synonymous groups in psbA (12) . Second, the results from this study indicate that the degree to which psbA is atypical in its codon bias has been decreasing during angiosperm evolution (Tables  2 and 3 ). Both of these observations are inconsistent with selective constraints on the codon usage of psbA so alternative explanations are required. Of the two original hypotheses put forward to explain the evolution of codon bias in psbA (12) the one involving positive selection now can be eliminated. The general decrease that is observed in the degree of adaptation to the atypical codon bias pattern is not consistent at all with positive selection currently adapting the codon bias of the psbA gene toward a more strongly atypical pattern, which would be supported only if CAI consistently increased from ancestral to extant genes.
On the other hand, none of the unusual features of psbA evolution are inconsistent with the second model (12)-that selection on psbA recently has been relaxed so that the atypical codon bias of this gene is a remnant of an ancestral codon bias that is not being maintained presently in the flowering plants. The features that are inconsistent either with positive selection or with constraining selection can be explained under this model. First, the atypical codon bias would simply result from psbA not being at compositional equilibrium. Second, the pattern of substitution rates would be a product of the unusual base composition of psbA coupled with the assymetrical substitution process in the chloroplast genome (12) . Finally, the consistent decrease in CAI would be a result of the degradation of the ancestral codon bias by a mutation bias that is no longer countered by selection. Instead, the current evolution of psbA appears to be dominated by whatever mechanism is driving the AϩT bias in all other chloroplast genes and noncoding sequences. The consistency between the pattern of evolution in psbA and this model, but not other models, requires that it be seriously considered.
A Model for the Evolution of Codon Bias in Chloroplast Genes. The basic proposal, that selection on psbA has been recently relaxed, now can be examined in further detail and extended to all chloroplast genes. If the codon bias of psbA is actually an historic remnant, then it means that selective pressure has shifted in the recent past. However, this does not require a change in selection on codon bias itself, rather it seems more likely that the relaxation of selection was actually an epiphenomenon. The original proposal (12) was that a relaxation of selection could have been linked to changes in genome copy number. Because the plant chloroplast contains a very large number of identical genomes, unlike the single genome in some algae, such as C. reinhardtii (21) , selection for translation efficiency of individual transcripts can be replaced by the number of transcripts available, as long as the overall translation rate is sufficient to maintain protein levels. If genome copy number gradually has increased over time then we can explain the unique nature of psbA by the fact that selection on codon usage would be relaxed at different times for different genes, persisting longest in the highly expressed genes. This also could explain the slight correlation between codon usage and expression level in plant chloroplast genes, including the relatively high CAI of the highly expressed rbcL gene (11) .
To this it should be added that a changing effective population size would have a very similar effect. The selective advantage of an optimal codon is likely to be quite small, the one measurement that has been made is on the order of 10
Ϫ9
for the gnd locus in E. coli (4) , so that selection on codon usage can overcome drift only if the population size is quite large (5) . If effective population size has been decreasing as multicellular higher plants have evolved from a unicellular ancestor, a specific point in time will exist at which selective differences are no longer large enough to overcome drift. Because selection intensity varies among genes, this point in time will be different for each gene. Again, highly expressed genes would have had a codon bias determined largely by selection until much later in plant evolution.
Although this model is consistent with the unusual compositional and evolutionary properties of psbA, certainly more consistent than the alternatives, several features remain to be examined further. One issue that needs to be addressed is the development of expectations about the evolution of CAI and composition in the absence of selection. This would be particularly useful for assessing the variation in CAI among extant psbA genes that is observed (Table 2) , which may be random noise but also could arise from differences, such as variation in population size, among lineages. It also could provide an expected time frame for degeneration of codon bias for a comparison of the observed change in CAI to an estimate based on divergence times for the monocots and dicots (22) . Given the complex dynamics of context dependency that have been observed for base substitutions in chloroplast DNA (23, 24) this will not be a simple matter if we are to generate an accurate expectation. Finally, it will be interesting to analyze other genes, specifically genes suspected to be under no selection for codon usage. Because the codon bias of rbcL is also slightly atypical (11), this gene, although sequenced for many plants, is not a good candidate. Finally, it should be emphasized that this model does not require that selection has been completely relaxed in psbA, only that the intensity has decreased recently nor that selection intensity is equal across different lineages.
Reconstruction of Ancestral Sequences. Because the test used here is based on the reconstruction of an ancestral sequence we also must consider the reliability of this approach. First, the reconstruction of ancestral sequences is a function of topology. To account for this, three different topologies were used, and because the different topologies give essentially identical answers, topology does not appear to be a factor in this particular analysis. Two other potential difficulties must be addressed. The first is the reliability of the ancestral sequence given the variation among extant sequences. Basically, the further the sequences have diverged the more problematic it is to infer the ancestral sequence due to multiple substitutions per site. This has been confirmed by simulation analyses, which have shown that reconstruction is extremely reliable for closely related sequences, particularly at divergence levels below 0.1 substitutions per site (25) . This high reliability is true for both parsimony, used here, and likelihood methods (26) , and at low levels of divergence all methods of reconstruction are equally reliable (26) . Given these observations it is expected that our reconstruction is very reliable. The psbA gene is highly conserved, and branch lengths for the neighbor-joining tree ( Fig.  1) shows that the longest branch is 0.042 substitutions per site, and most are less than 0.025. For the parsimony tree, branch lengths also are given. The psbA gene is 1,056 nucleotides in length, excluding the start and stop codons, and the longest branch has only 42 substitutions (0.040 per site). In addition, a distribution of the minimum number of changes per site (Table 4) shows that, of the total of 1,056 sites, 849 are conserved among all flowering plants in this study. Therefore, even if all changes are assumed to occur at the third position, 142 of 353 codons are fully conserved. Overall, very few sites have more than two inferred changes over all species, and most variable sites have a single change. All of these lines of evidence indicate extremely low levels of divergence, well below the level at which reconstruction is found to be highly reliable. Therefore, it is very unlikely that errors in reconstruction could generate the overwhelming trend observed in Tables 2 and 3. The second issue is how selection might affect the reconstruction. One factor that can confound this method is convergent evolution, and the likelihood of this increases with adaptive selection. Although this can strongly affect certain types of analyses, it was not considered a problem for this analysis because of the nature of selection on codon usage. Convergent evolution will affect reconstructions when strong selection for a specific character is at a given site, for instance when a certain amino acid is favored at a location in a protein so that different lineages will converge on that amino acid. However, selection on codon bias is not limited to specific sites. Instead, a mutation at any number of sites will increase translation efficiency so that it is unlikely that convergence in a large number of different lineages has occurred at a significant number of sites. Therefore, it seems very unlikely that the results are an artifact of such selection.
Conclusions. The codon bias of plant chloroplast genes is proving to be a much more interesting and complicated issue than first supposed (27) as it is now clear that both the codon bias and the evolutionary dynamics of the psbA gene are quite unusual. These unusual features are not consistent with constraining selection, forcing us to consider models in which the psbA gene is not at equilibrium (12) . In the current study we have provided strong evidence that positive selection is not responsible. However, the results of this analysis, as well as previous studies (11, 12) , all are consistent with the hypothesis that the unusual codon bias of the psbA gene is not currently being maintained by selection. It is proposed that selection on this gene recently has been relaxed so that the atypical codon bias of this gene is actually a remnant of this ancestral bias that is degrading toward the compositional bias. Given the many complexities of this issue it remains far from resolved, but the data clearly show that the plant psbA gene provides an excellent opportunity to investigate an unusual evolutionary situation. It also leads to predictions concerning other lineages in that a relationship between genome number and͞or population size and selection is postulated. Further testing of this hypothesis, therefore, will be possible with the accumulation of further data. 
